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Genetic dissociation of acquisition and memory
strength in the heat-box spatial learning paradigm

in Drosophila
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Memories can have different strengths, largely dependent on the intensity of reinforcers encountered. The
relationship between reinforcement and memory strength is evident in asymptotic memory curves, with the level of
the asymptote related to the intensity of the reinforcer. Although this is likely a fundamental property of memory
formation, relatively little is known of how memory strength is determined. Memory performance at different levels
in Drosophila can be measured in an operant heat-box conditioning paradigm. In this spatial learning paradigm, flies
learn and remember to avoid one-half of a dark chamber associated with a temperature outside of the preferred
range. The reinforcement temperature has a strong effect on the level of learning in wild-type flies, with higher
temperatures inducing stronger memories. Additionally, two mutations alter memory-acquisition curves, either
changing acquisition rate or asymptotic memory level. The rutabaga mutation, affecting a type-l adenylyl cyclase,
decreases the acquisition rate. In contrast, the white mutation, modifying an ABC transporter, limits asymptotic
memory. The white mutation does not negatively affect classical olfactory conditioning but actually improves
performance at low reinforcement levels. Thus, memory acquisition/memory strength and classical
olfactory/operant spatial memories can be genetically dissociated. A conceptual model of operant conditioning and

the levels at which rutabaga and white influence conditioning is proposed.

Memories are formed from unexpected experiences. Eventually, a
sensory cue or behavior predicts positive or negative conse-
quences. Importantly, memory strength depends on the inten-
sity of those reinforcing stimuli such that weak reinforcers sup-
port memories of limited magnitude. This relationship is evident
in asymptotic acquisition curves where the asymptote level is
related to the intensity of the reinforcer. This has been found in
operant and classical conditioning paradigms with both positive
and negative reinforcers in many species (Herrnstein 1997), in-
cluding several species of insects (e.g., in rewarded classical and
operant conditioning in the honeybee and negatively associated
olfactory classical conditioning in Drosophila) (Menzel and Erber
1972; Bitterman et al. 1983; Tully and Quinn 1985; Loo and
Bitterman 1992). The repeated finding of the positive relation-
ship between reinforcement intensity and memory strength in-
dicates that this is a fundamental property of learning.

The biogenic amines (e.g., serotonin, dopamine, and oc-
topamine) can function as teaching signals. These are the mol-
ecules that, together with sensory-based depolarization, feed into
the cAMP/PKA and NMDA-receptor pathways. The biochemical
changes in this pathway support synaptic plasticity and memory
formation. In the Aplysia model of heterosynaptic plasticity, se-
rotonin mediates the tail shock and is a sufficient teaching signal
with in vitro synaptic plasticity tests (Martin et al. 1997; Kandel
2001). Dopamine is also critical in memory formation. For ex-
ample, reducing dopamine levels in parts of the brain in rats
trained to run down an alley to receive a food reward leads to
decreased running speed toward that food goal (Ikemoto and
Panksepp 1996). As the treated rats eat as much food in the goal
box as nontreated animals, however, it is unlikely that the do-
paminergic system is involved in the valuation of that food re-
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ward. Perhaps dopamine coordinates the reinforcement value of
the food with behavior. Clues for how this reward signal might
be encoded comes from recordings in nonhuman primates (Hol-
lerman and Schultz 1998; Waelti et al. 2001; Montague et al.
2004; Schultz 2004). Generally speaking, in trained monkeys,
dopaminergic neuron firing rate increases when a reward is more
than expected and decreases when a reward is less than expected.
This phasic dopaminergic signal is providing at least a compo-
nent of the value code that is used in coordinating the level of
expression of a learned behavior (Montague et al. 2004). There is
an analogous role of the biogenic amines in reinforcement in
insects. In the honeybee and Drosophila, octopamine is impor-
tant for positive, and dopamine (so far only shown in Drosophila)
for negative associations (Hammer and Menzel 1998; Menzel et
al. 1999; Schwaerzel et al. 2003). Despite the well-accepted no-
tion that the biogenic amines are involved in reinforcement,
little is known of the circuits that feed into or out of this system
or how the teaching neurons regulate the graded release of neu-
rotransmitter.

A fast operant learning paradigm, the heat-box, lends itself
to a genetic dissection of the reinforcement intensity/memory
strength relationship in Drosophila (Wustmann and Heisenberg
1997; Putz and Heisenberg 2002). In this paradigm, single flies
are allowed to run freely in a dark chamber that is lined top and
bottom with heating elements (Fig. 1). When a fly runs to one-
half of the chamber, the whole chamber heats to an elevated
temperature, and when it runs back, the chamber cools down
again. Flies can be trained within minutes to avoid one-half of
the chamber. Trained flies continue to avoid that chamber half
even in the absence of the elevated temperature contingency.
Flies presumably use idiothetic information for orientation and
avoidance of the chamber half associated with high-temperature
reinforcement. Both the duration of training and the tempera-
ture used as reinforcement can be readily manipulated in this
paradigm, providing ideal conditions for investigating the rela-
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Figure 1. Schematic of the heat-box learning assay. In the heat-box
learning paradigm, single flies run inside a chamber that can be heated
(A). During a pre-test, flies can freely run from side to side with no danger
of increasing temperature. The situation changes in the training session
such that when a fly runs into one of the chamber halves (the right half
in the example provided here), the chamber temperature rises, and when
the fly returns to the previous side, the chamber cools. A memory post-
test (the chamber is now permanently cool) shows the persistence in
avoidance of the chamber half associated with an elevated temperature.
The change in time spent in one chamber half over the other is used as
a quantitative measure of memory formation (Wustmann and Heisenberg
1997; Putz and Heisenberg 2002). On average, wild-type flies typically
have little to no spontaneous preference, as indicated in the pre-test
phase in the sample experiment (B). During training, flies spend more
and more time on the side of the chamber not associated with high
temperature, evident in higher Pls through the training period. In the
memory test, flies continue to avoid the previously reinforcement-
associated side of the chamber. This memory is typically measured for 3
min. The bars in B represent means, and the error bars are SEMs in this
and following figures.

tion of reinforcement intensity and memory strength in a geneti-
cally tractable organism.

In the present study, it is shown that wild-type flies have
memory strength that is influenced by the reinforcement tem-
perature. Also, mutations in two genes that show little or no
memory formation under screening conditions indicate that ac-
quisition curves can be modified in two ways. A rutabaga muta-
tion, defective in a type-1 adenylyl cyclase, alters the acquisition
rate. A white mutation, however, affecting an ABC-transporter,
limits asymptotic memory performance. Interestingly, the white
mutation enhances olfactory memory performance at low rein-
forcer intensities. Therefore, the molecular bases of memory ac-
quisition/memory strength and classical olfactory/operant spa-
tial memories can be genetically dissociated.

Results

Reinforcer/ memory level relationship

A critical requirement in addressing genetically the reinforcement
intensity/memory strength relationship in Drosophila is a fast
robust conditioning paradigm that shows this correlation. That
Drosophila is capable of varying memory strength has been dem-
onstrated in both classical olfactory conditioning and operant
visual learning (Tully and Quinn 1985; Brembs 2000). These
paradigms are not ideal, however, in screening for mutations, as
they are labor intensive or require many hundreds of flies. The
heat-box spatial learning paradigm, however, was developed at
least in part to screen for learning mutations (Wustmann et al.
1996). It is fast and requires relatively few flies, and robust
memories are formed that last minutes to hours (Putz and Hei-
senberg 2002). To determine whether wild-type Canton-S (CS)
flies would vary their place memory strength based on reinforc-
ing temperature, they were trained with different temperature
reinforcement for increasingly longer periods. With increased
training time, wild-type CS flies reach what appears to be a pla-

teau in memory performance, with the increase in performance
between 10 and 20 min of training reduced compared with that
found early in the training session (i.e., in the first 4 min) (Fig.
2A). To determine whether memory performance after 20 min of
training is indeed asymptotic, wild-type flies were trained 15, 20,
or 25 min using either 37° or 45°C as negative reinforcement (Fig.
2B). No significant differences between these different training
sessions indicate that 20 min of training induces asymptotic
memory, at least in the temperature range tested. Furthermore,
memory performance displayed by flies is higher when higher
temperature reinforcement is used. Thus, flies modulate their
memory strength in the heat-box depending on the temperature
of reinforcement. This provides a paradigm in which this phe-
nomenon can be addressed genetically in Drosophila.

The white-ABC transporter affects spatial conditioning

Mutations in the white (w) and rutabaga (rut) genes affect avoid-
ance behavior during training and display memory performance
deficits in the heat-box learning paradigm. The white mutation
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Figure 2. Higher reinforcing temperature increases memory strength
in the heat-box. (A) Wild-type CS flies were trained for increasingly longer
periods at different reinforcing temperatures (33°, 37°, 41°, and 45°C).
The 3-min memory was measured after training for 2, 4, 6, 10, or 20 min.
Higher reinforcement temperature increases memory levels. Comparing
memory performance with different temperatures and training duration
showed significant differences (Kruskal-Wallis Test: 2 min, H =40.9,
P=0.000; 4 min, H=27.9, P=0.000; 6 min, H=43.5, P=0.000; 10
min, H=58.3, P=0.000; 20 min, H = 78.6, P = 0.000). Significance val-
ues after multiple comparisons are shown comparing 33 with 41 and 37
with 45°C reinforcement (P-values represented in this and following fig-
ures and tables are: P<0.05="%* P<0.01 =* P<0.001 =***). At no
time point was the performance significantly different between flies
trained at 41° and at 45°C. (B) Wild-type CS flies were trained for 15, 20,
and 25 min to determine whether the 20-min training schedule induced
asymptotic memory levels. Comparing values within a temperature re-
gime indicates a significant difference only with the 37°C reinforcer
(Kruskal-Wallis Test: 37°C, H=7.41, P=0.02; 45°C, H=5.17, P=N.S.),
although with multiple comparison in the 37°C reinforcer group there
were no significant differences between 15 and 20 or 25 min of training
(P =N.S.). The number of flies tested for each condition was >100. The
exceptions are with the 37°C reinforcer in which between 200 and 300
flies were tested in each training protocol and the 33°C reinforcer at 4
(n=48) and 20 (n =72) min of training.
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was found to be defective in the heat-box spatial learning para-
digm as part of a mutant screen (a nonvisual task) (Fig. 3). A pilot
screen of ~100 extant lines used 4 min of training with a 37°C
reinforcer. These conditions were chosen as they quickly induce
a submaximal yet robust memory. The rut allele rut?*%° (Levin et
al. 1992) was used as a control learning mutant, as it has proven
defective in all learning paradigms in which it has been tested. In
the heat-box, the rut?° mutant flies have lower avoidance be-
havior during training and a short-lived avoidance memory (Fig.
3B), consistent with previous findings (Wustmann et al. 1996;
Zars et al. 2000b). This poor performance is the specific conse-
quence of a decrease in rut function, as transgenic expression of
the wild-type form of rut can rescue this phenotype (Zars et al.
2000b). A more severe avoidance behavior phenotype and low-
memory performance was found in white mutant flies (Fig. 3C), a
strain initially considered a control for many of the screened
lines. Low-avoidance behavior and poor memory performance
could be due to a low-memory acquisition rate or altered high-
temperature reinforcement processing. Extended training experi-
ments can differentiate between these possibilities (see below).
The white gene is implicated as critical for place condition-
ing. The white mutant flies identified in this screen have the
w!18 null mutant allele. They are called wCS13, as they have
been out-crossed to the wild-type strain CS for 13 generations. As
each out-crossing generation involved more than 20 individuals,
and this was done 13 times, it is likely that the white mutation
causes the conditioning phenotype. Further mapping of the mu-
tant phenotype took advantage of an X-chromosome duplication
containing a wild-type form of the white gene attached to the
Y-chromosome. This was out-crossed for six generations to the
poor learning wCS13 strain. The wCS13/Dp(1:y)w+ flies show
wild-type-like avoidance performance and memory (Fig. 3D),
making it even more likely that it is a mutation in the white gene
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Figure 3. The white and rut-AC mutations affect learning and memory
in the heat-box spatial learning paradigm. The data are the avoidance
behaviors during 4 min of training (minutes 0-4) and persistence in
avoidance in the 3 min following training (minutes 5-7) using 24°C as the
reference temperature and 37°C as the reinforcer. Wild-type CS flies (A)
have significantly higher avoidance behavior during the training and test
periods than rut??%° (B) and wCS13 (C) mutant flies (Kruskal-Wallis Tests:
first 2 min of training, H=283.9, P=0.000; second 2 min of training,
H=118.9, P=0.000; 3-min post-test period, H=56.0, P =0.000). Signifi-
cance levels with multiple comparisons are shown in the figure compared
with wild-type CS flies. The white mutant phenotype was rescued by the
small X-chromosome duplication containing the white gene on the Y chro-
mosome (D) (P < 0.001 for each training session and the memory post-test).
The number of flies tested was between 100 and 112 for each genotype. See
legend of Figure 2 for levels of significance denoted by the asterisks.
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Figure 4. Thermosensitivity in wild-type and mutant flies. (A) There are
significant differences between wild-type CS, wCS13, and rut?°° mutant
flies (Kruskal-Wallis tests, probe temperatures: 24°C, H=0.37, P=N.S,;
27°C, H=34.6, P=0.000; 30°C, H=46.2, P=0.000; 33°C, H=67.6,
P=0.000; 37°C, H=49.7, P=0.000; 41°C, H=9.7, P <0.01; 45°C,
H=5.04, P=N.S.). The white mutant flies showed temperature avoid-
ance behavior significantly lower than wild-type CS flies at most tem-
peratures tested, the exception being when tested at 41° and 45°C.
Significance levels with multiple comparisons are shown compared with
wild-type CS flies. Wild-type CS flies, measured in parallel to both wCS73
and rut??%°, were not significantly different from each other (data not
shown) and were therefore combined. The number of rut??%%, wCS13,
and CS flies tested was 71, 87, and 174, respectively. (B) A test for avoidance
of high temperature was repeated with two choices between 24° and 41°C;
wild-type CS and wCS13 flies were not significantly different with either
of the choices (Mann-Whitney U-tests: probe temperature 24°C, Z =
—1.36, P=N.S.; 41°C, st test, Z=1.74, P=N.S.; 41°C, 2nd test, Z =
0.08, P =N.S.). The number of flies tested was 156 (CS) and 155 (wCS13).
See legend of Figure 2 for levels of significance denoted by the asterisks.

that is responsible for the poor conditioning. As the wCS13 flies
provide the strongest behavioral phenotype in the heat-box to date
and the rut?®®® mutation affects a classic learning gene (a type-1
adenylyl cyclase) (Han et al. 1992; Levin et al. 1992), they were the
focus of continued genetic and phenotypic characterization.

For flies to learn the association of chamber position and
high-temperature reinforcement, they must be able to sense and
avoid elevated temperatures. This can be tested with a thermo-
sensitivity assay (Zars 2001), where flies are allowed to choose
between chamber halves that have different temperatures. To do
this, the same chambers are used, but the temperature inside is
altered independent of the flies’ behavior. The term “reference”
temperature corresponds to 24°C, a temperature that wild-type
flies prefer over lower and higher temperatures (Sayeed and Ben-
zer 1996). The “probe” temperature is a temperature that is dif-
ferent from the 24°C reference temperature. Individual flies are
presented with a chamber that initially is at 24°C on both sides,
but then on one side increases to a probe temperature of 27°C
and further to 30°, 33°, 37°, 41°, and 45°C, while the other cham-
ber half is kept at 24°C. The chamber half with the lower tem-
perature switches every minute. Flies are tested a total of 7 min.
When flies show wild-type-like avoidance behavior, it implies
their ability to sense a given temperature and, importantly, the
locomotor ability to walk away from a high-temperature source.
Interestingly, the white mutant flies are not “normal” at any tem-
perature tested except 41° and 45°C (Fig. 4A). Although the
avoidance behavior of wCS13 flies of 41°C was not significantly
reduced, it is somewhat lower than wild-type CS flies’ avoidance
behavior. A second experiment was done to test the ability of
these flies to sense and avoid a 41°C probe temperature (Fig. 4B).
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In this test, a probe temperature of 41°C was paired with 24°C in
minutes 2 and 3. The chamber half with the high temperature
switched between minutes 2 and 3. Consistently, white mutant
flies were not significantly different from wild-type CS flies in
avoiding the 41°C chamber half. The reduced avoidance of the
second 41°C probe in both genotypes is probably a consequence
of all flies being on the former 24°C side when the next test phase
began, rather than being distributed randomly as in the first pre-
test minute. The rut mutant flies show high-temperature avoid-
ance behavior similar to wild-type flies at all temperatures tested.
A defect in temperature sensation may describe part of the wCS13
mutant flies’ poor memory tested with screening conditions.
However, it also suggests temperatures at which wCS13 flies
could be tested to determine whether their conditioning deficit
uniformly depends on lowered thermosensitivity (i.e., >41°C).
Thermosensitivity defects cannot explain the rut?**° mutant con-
ditioning phenotype. Additionally, as both mutant genotypes
show normal avoidance of a chamber half at the highest tem-
peratures, it indicates that the mutant flies have a sensory-motor
system sufficient to avoid high temperatures.

To gain confidence that the white-ABC transporter is critical
for place conditioning in the heat-box, flies mutant for a second,
temperature-sensitive, white allele (W°°? [w"']) were raised at per-
missive and restrictive temperatures and tested. Using the mu-
tant screening conditions of 4 min of training and 3 min of
memory test with a 37°C reinforcer, w”/ mutant flies showed
impaired performance during training and memory test when
raised at the nonpermissive temperatures of 25° and 29°C com-
pared with wild-type CS flies raised at the same temperatures (Fig.
5). These rearing temperatures led to a lightening of the eye
color, from ruby to light yellow (Ephrussi and Herold 1945; Bing-
ham and Chapman 1986). This performance deficit was not evi-
dent when w”" mutant flies were raised at the permissive tem-
perature of 18°C. As the primary change leading to reduced per-
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Figure 5. The w” temperature-sensitive white allele affects place
memory when raised at restrictive temperatures. Both wild-type and mu-
tant w”' flies were raised at 18°, 25°, and 29°C, the higher two tempera-
tures being restrictive for the w” mutation based on lightening of eye
color. Two training trials (Tr1 and Tr2) of 2 min each (using 24°C as the
reference temperature and 37°C as the reinforcer) were followed directly
by a 3-min memory test (Te). Mann-Whitney U-tests showed significant
differences between wild-type CS flies and w” mutant flies only when
raised at 25° and 29°C (U-tests: 2-min training periods 1 and 2, followed
by the memory post-test, respectively; 18°C, Z = 0.84, 1.38, 0.54; 25°C,
Z=1.69, 3.89, 2.54; 29°C, Z =1.01, 3.21, 3.76). Significance levels are
shown. The number of flies tested in each manipulation was between 40
and 60, except for flies raised at 25°C, where n = 103 (w*) and 116 (CS).
See legend of Figure 2 for levels of significance denoted by the asterisks.
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Figure 6. The w” mutation at the restrictive temperature of 29°C de-
creases avoidance behavior of lower temperatures (i.e., 27° and 30°C)
but not temperatures >33°C. Wild-type CS and w”' mutant flies raised at
29°C were tested in the thermosensitivity assay to determine whether
they have altered avoidance behavior to temperatures used for reinforce-
ment. Mann-Whitney U-tests showed significant differences between w”'
and CS flies when probed with 27° and 30°C but not temperatures that
were higher (U-tests: probe temperature 24°C, Z = 0.72; 27°C, Z = 2.04;
30°C, Z2=1.99; 33°C, Z=1.38; 37°C, Z=1.68; 41°C, Z = —1.22; 45°C,
Z = 0.60). Significance levels are shown. The number of wild-type and w”'
flies tested was 114 and 113. See legend of Figure 2 for levels of signifi-
cance denoted by the asterisks.

formance was the rearing temperature in w” mutant flies, it is
highly probable that the decreased White-ABC transporter ex-
pression (caused by a “blood” transposable element located in
the second intron of the white gene) (Bingham and Chapman
1986) is the reason for the poor training and memory-test phase
performance.

Both w” mutant and wild-type CS flies were reared at 29°C
and tested in the thermosensitivity assay. Comparing these two
genotypes showed significantly reduced avoidance of 27° and
30°C in w”' mutant flies compared with wild-type CS flies, similar
to the cantonized white null allele (wCS13) (Figs. 4, 6). However,
avoidance of all other temperatures were at levels not signifi-
cantly different from wild-type levels, including avoidance of
37°C, the temperature used for reinforcement in the condition-
ing experiments. Thus, the poor performance in the condition-
ing paradigm in w” mutant flies raised at the restrictive tempera-
tures is not a consequence of a poor sensorimotor process.

To further test the relationship between mutations at the
white locus and performance in the heat-box, five additional mu-
tant alleles were tested. These alleles were chosen as they span
the range of eye-color changes caused by mutations in the white
gene. These include eye colors of white (w! and w*?), yellow-
orange to orange (w* and w*?), and brownish-orange (w*%). In
tests of thermosensitivity, flies of all but the w** allele had lower
avoidance of the 37°C probe temperatures than wild-type CS flies
(Table 1). All five white mutant alleles had wild-type-like avoid-
ance behavior of 41°C. Similar to the white null mutant flies, four
of the additional mutant alleles showed significantly lower con-
ditioned memory performance than wild-type flies after training
using both 37°C and 41°C reinforcement. Although the w*? al-
lele showed lower memory scores than wild-type flies after con-
ditioning, it did not reach significance in these tests. Curiously,
there does not appear to be a correlation between the severity of
eye-color change in the white mutant alleles and performance in
the heat-box. This likely indicates the systems requiring white-
ABC transporter function for conditioning are not similarly sen-
sitive to the mutations as eye coloration. A detailed understand-
ing of the relationship between gene structure and heat-box con-
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Table 1. Thermosensitivity and conditioning in eye-color mutant files

Thermosensitivity (Pl = SEM)

Place memory (Pl = SEM)

Genotype N 37°C 41°C N 37°C N 41°C

CS 140 0.49 + 0.05 0.50 + 0.05 163 0.27 + 0.04 92 0.38 + 0.06
w’ 138 0.32 + 0.04*** 0.50 + 0.04 134 0.13 + 0.04* 92 0.20 + 0.06*
w? 140 0.37 + 0.04* 0.50 + 0.04 127 0.04 + 0.04** 82 0.11 + 0.06**
w2 142 0.29 + 0.05*** 0.46 + 0.05 129 0.07 + 0.04* 93 0.08 + 0.06**
w3 141 0.29 + 0.04*** 0.42 + 0.04 124 —0.01 = 0.03*** 83 0.19 + 0.06*
wees 122 0.41 = 0.06 0.45 = 0.05 107 0.17 = 0.05 91 0.26 = 0.06
CS 103 0.72 + 0.03 0.73 + 0.03 162 0.35 + 0.04 N.D.

bw' 59 0.67 + 0.03 0.81 + 0.03 161 0.25 + 0.04 N.D.

st’ 63 0.63 + 0.05 0.72 + 0.04 192 0.11 + 0.03*** N.D.

Comparison of wild-type CS flies’ performance to five white mutant alleles, brown (bw'), and scarlet (st') mutant flies in a thermosensitivity test and the
3-min memory test with two reinforcing temperatures (37 and 41°C). In the thermosensitivity tests comparing wild-type CS flies with the white
mutations, Kruskal-Wallis tests for each probe temperature are: 37°C, H = 38.87, P = 0.000; 41°C, H=7.43, P=0.19. Comparing wild-type CS flies with
bw' and st’ flies in the thermosensitivity tests found no significant differences with temperatures tested (37°C, H = 4.47, P = 0.10; 41°C, H = 4.50, P
=0.22). In tests for place memory using two different reinforcing temperatures, four of the five tested white alleles showed decreased performance with
both temperatures (37°C, H = 25.60, P = 0.001; 41°C, H = 14.51, P = 0.013). The st’ but not bw’ mutation significantly reduced place memory using
the 37°C reinforcer (H=21.73, P=0.000). Significance levels are shown for each genotype compared to wild-type CS flies performance tested in parallel.

See legend of Figure 2 for levels of significance denoted by the asterisks.

ditioning must await a high-resolution analysis of the molecular
changes in these mutant lines. (The w! and w* mutations have
transposable elements in regulatory regions of the gene [Zachar
and Bingham 1982; O’Hare et al. 1991]).

Finally, transgenic copies of the white gene were tested for
rescue of the conditioning deficit of null white mutant flies. In
two cases, wCS13 mutant flies were completely restored to nor-
mal performance levels (Fig. 7; data not shown). However, in
several other cases, performance was as poor as the null mutant
levels, even though eye color was largely restored (data not
shown). As the associated transgenes and insertion sites for the
ectopic mini-white gene are different in these transgenic lines, it
is presumed that the expression levels or spatial domains are not
sufficient for rescue of the white mutant phenotype in those latter
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Figure 7. Rescue of the white mutant conditioning deficit in the heat-
box with a mini-white transgene. Wild-type CS, wCS13, and wCS13; mini-
w+ flies were trained for two 2-min training blocks, followed by a 3-min
test of place preference using the 24°/37°C conditioning temperatures.
wCS13 mutant flies had lower avoidance behavior during the training
sessions (Tr1 and Tr2) and in the test phase (Te) than both wild-type and
wCS13 flies with a mini-white transgene (Kruskal-Wallis tests, Tr 1,
H=33.6, P<0.0000; Tr2, H=57.2, P < 0.000; Te, H=14.5, P < 0.001).
Significance levels of wCS73 performance to CS and wCS13; mini-w+ are
shown. The number of flies tested was 43 (CS), 45 (wCS13), and 36
(wCS13; mini-w+). See legend of Figure 2 for levels of significance de-
noted by the asterisks.
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cases. Alternatively, insertion effects altering local gene expres-
sion or unregulated expression of effector genes in those trans-
genes could give rise to abnormal performance. Nevertheless, as
all white mutations tested have similar performance deficits, and
those deficits can be rescued by a chromosomal duplication and
a mini-white transgene, it is concluded that the altered White-
ABC transporter function is the cause of the abnormal perfor-
mance of mutant flies in the heat-box conditioning paradigm.

Dwelling times indicate wild-type and wCS13 mutant flies

typically receive full reinforcement

Even though wCS13 mutant flies can sense and avoid 41°C at
wild-type levels, there remains a possibility that the poor perfor-
mance of wCS13 mutant flies with the 41°C reinforcer is a con-
sequence of poor avoidance of lower temperatures. This could be
the case if wild-type flies use lower temperatures to determine
which half of the chamber to avoid, but wCS13 mutant flies
require the full measure of high-temperature reinforcement. The
increased amount of time required for the wCS13 flies to receive
the full reinforcement could lead to a decrease in the perfor-
mance index during conditioning. To gain insights into the typi-
cal temperatures the flies are exposed to during training in the
heat-box, the “dwelling times” during the 20-min training ex-
periment with 41°C reinforcement were examined. A dwelling is
delimited by the entry and exit from one chamber half. This is
essentially the same measure used in determining the time in
reinforced and nonreinforced quadrants of the visual surround in
visual pattern conditioning (Dill et al. 1995).

Both wild-type CS and wCS13 flies are typically exposed to
the predetermined maximum chamber temperature after they
enter the chamber half associated with reinforcement. In both
wild-type CS and wCS13 flies, there is a decrease in the number of
dwellings per fly on the reinforcement-associated “hot” side of
the chamber (Table 2). This reduction is not as pronounced in
wCS13 as in wild-type CS flies and reflects the lower conditioning
performance in these flies. The mean duration of a dwelling also
tends to decrease in both wild-type CS and wCS13 mutant flies
during the conditioning period, with wCS13 reducing their
dwelling duration to ~4.8 sec. Calculation of the average tem-
perature of the chamber after either wild-type or mutant flies
enter the reinforcement-associated side of the chamber indicates
that both genotypes typically receive the full reinforcement tem-
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Table 2. Dwellings and dwelling times in CS and w(513 flies
during 20 min of training using 41°C reinforcement

‘Hot-side’ Mean max.
Genotype Training ‘Hot-side’ dwelling temp.
(N) period  dwellings/fly time(s) (°C)/dwelling
CS (133) 1 1.6 8.6 + 1.3 41
2 1.0 79 = 2.1 41
3 0.8 155 53 41
4 0.5 7.2+ 26 41
5 0.9 8.7+ 1.9 41
6 0.5 10.7 £ 3.5 41
7 0.4 13.9 £ 43 41
8 0.4 11.7 £ 3.9 41
9 0.6 10.6 = 2.8 41
10 0.3 8.0 + 2.0 41
wCS13 (132) 1 1.7 8.9 + 1.1 41
2 1.5 8.0 1.7 41
3 1.3 6.9 + 1.5 41
4 1.3 79 £ 25 41
5 2.2 52 +04 41
6 1.0 54 = 0.9 41
7 1.0 5.0 + 0.6 41
8 1.0 53+ 0.6 41
9 1.8 49 = 0.5 41
10 0.8 4.8 + 0.5 41

The 20 min of training was binned in 2-min periods. The average number
of ‘hot-side’ dwellings per fly was calculated based on the number of
dwellings and number of flies. The average hot-side dwelling time was
calculated and converted to the mean maximum chamber temperature
per dwelling with an upper limit of 41°C using the formula: A-temp =
(time — 0.05612)/0.28114. The formula was derived from data measur-
ing temperature rise times. It fits the data (not shown) with R =0.99971,
P < 0.001.

perature of 41°C. Based on this measure and the normal avoid-
ance of 41°C in the thermosensitivity assay, the cause of the poor
conditioning of wCS13 flies can be separated from a defective
sensorimotor system.

scarlet, but not brown, alters spatial conditioning

Based on the pigmentation of the retina, the White-ABC trans-
porter forms heterodimers with both the Brown and the Scarlet
proteins. To test whether the known White-ABC transporter
binding partners have a role in heat-box conditioning, geneti-
cally defined null alleles at the brown and scarlet loci (Dreesen et
al. 1988; Tearle et al. 1989) were tested. Flies mutant for the brown
gene did not significantly alter 3-min place memory performance
compared with wild-type CS flies (Table 1). The scarlet mu-
tant flies’ performance, however, was significantly lower than
wild-type levels. Indeed, memory tests after training for 20 min
still found the scarlet mutant flies with significantly lower-
place memory performance (CS =0.59 = 0.08, n=67;
st! =0.25 + 0.07, n = 68; Mann-Whitney U-test, Z = 3.48,
P <0.001). Examination of brown and scarlet mutant flies shows
that they can sense and avoid high temperatures in the thermo-
sensitivity assay similar to wild-type flies (Table 1). Thus, poor
performance in the conditioning paradigm by scarlet flies appears
to be independent of a deficit in their ability to sense high tem-
peratures or a failure to walk away from a high-temperature
source.

Activity/spatial conditioning relationship

To explore the potential influence of general activity on the pre-
disposition of flies of a genotype to perform well in heat-box
conditioning, pre-test-phase walking speed (taken as a measure
of activity uninfluenced by conditioning) was compared with
performance levels in the memory-test phase. Walking speed can

be used as a first measure for locomotor ability, as both step
length and frequency are incorporated in this compound mea-
sure (Strauss and Heisenberg 1993). This analysis might reveal
that low activity is associated with poor memory-phase perfor-
mance, as flies are incapable of walking away from the side of the
chamber associated with high temperature or that flies of some
genotypes might be walking so quickly that they cannot draw the
conclusion that one-half of the chamber is associated with high
and the other half with low temperatures. This could be the case
as the whole chamber heats when a fly walks to the high-
temperature associated half and the whole chamber cools as it
walks back. Table 3 lists the average walking speed in the pre-test
phase in the genotypes of all tested flies. It is obvious from this
table that there are significant differences between wild-type CS
flies and nearly every mutant genotype, some with higher and
some with lower walking speeds. Indeed, in different experi-
ments, wild-type CS flies can have different activity levels. These
are probably dependent on environmental differences between
experiments. However, comparison of pre-test walking activity
with memory-test phase performance shows no significant rela-
tionship (Fig. 8). Thus, at least with the 18 genotypes and experi-
ments tested here, there is not a relationship between pre-test
walking activity and ability to form a place memory in the heat-
box. It seems that one cannot predict memory-phase perfor-
mance in the heat-box based on activity levels. However, muta-
tions with more extreme walking speeds might eventually be
found that challenge this conclusion.

Genetic dissociation of memory acquisition

and strength

The poor performance of mutant flies could be a consequence of
poor memory formation or a defect in processing of the high-

Table 3. Walking speed in wild-type CS and mutant flies
measured during the 30-sec pre-test phase

Rearing Average pre-test walking

Genotype temperature (°C) speed (mm/sec)
Cs 25 3.0 0.2
rut?°8° 25 4.3 £ 0.2%*
wCS13 25 4.9 £ 0.2%*
wCS13/Dp(1:y)w+ 25 4.8 +£ 0.3**
bw' 25 4.1 + 0.1%**
st’ 25 5.1 £ 0.1%*
Cs 29 24 +0.2

Cs 25 3.5+0.2

Cs 18 3.6 0.2

w?! 29 1.5 = 0.2**
w! 25 3.1 £ 0.2

w?! 18 2.7 = 0.2*
Cs 25 4.6 £ 0.2

w' 25 5.9 & 0.2*
w? 25 3.3 £ 0.1%+*
w2 25 52+0.2

w3 25 3.6 £ 0.2%**
w3 25 53 +0.2

Comparing pre-test walking speed of mutant and wild-type CS flies in the
first section indicates significant differences (Kruskal-Wallis test: H =
127.9, P=0.000). Comparing wild-type CS and w”'flies raised at different
temperatures indicates significant differences for 18 and 29°C rearing
conditions (U-tests: 18°C, Z = 2.68, P < 0.01; 25°C, Z =1.39, P = N.S.;
29°C, Z = 2.78, P < 0.01). In the final set of experiments, there were
significant differences in pre-test walking activity (Kruskal-Wallis test: H =
131.4, P=0.000). Significance levels compared to CS in each section are
shown. See legend of Figure 2 for levels of significance denoted by the
asterisks.
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Figure 8. Relationship between pre-test walking activity and memory
performance in wild-type and mutant flies. The pre-test walking speeds of
18 genotypes and experiments were compared to determine whether
they could predict memory performance. The linear regression is shown
(r=—0.20, r*=0.04, and P=0.42). Thus, there is no significant rela-
tionship between pre-test activity and memory phase performance in the
genotypes tested.

temperature reinforcing signal. Examining memory performance
in wild-type and mutant flies with increased training duration
could lead to one of two results. Either there is a decreased ac-
quisition rate, but eventually the same memory level is reached,
reflecting a defect in memory formation, or maximal memory
levels for a given reinforcement intensity are lower, indicating a
defect in reinforcement signal processing. To discriminate be-
tween these possibilities, a series of experiments increasing the
training length was used to probe memory formation in wild-
type CS, rutabaga, and white mutant flies. Different groups of
wild-type and mutant flies were continuously trained with a
37°C reinforcer for 1-20 min and then tested for their avoidance
memory. As expected, and consistent with the previous results
(Fig. 2), wild-type CS flies showed increased memory perfor-
mance with increased training time (Fig. 9). Interestingly, in-
creased training of rut?*®° mutant flies lead to wild-type levels of
memory, being indistinguishable with 10 and 20 min of training.
In contrast, wCS13 mutant flies showed severely reduced asymp-
totic memory scores using both the 37° and 41°C reinforcement
temperatures. Because the wCS13 results are a hallmark of lower
intensity reinforcement, i.e., a lower asymptote in memory per-
formance, it indicates that the white mutant flies have a defect in
the processing of reinforcement information.

Olfactory conditioning

To determine whether the low memory levels found in white
mutant flies was also evident in a second negatively reinforced
conditioning paradigm, wild-type CS and white mutant flies were
tested in the classical olfactory conditioning paradigm (Tully and
Quinn 1985). Flies were trained under conditions previously
shown to induce asymptotic memory (12 electric shocks evenly
distributed within 1 min of odorant presentation with voltages
=90 V). It was predicted that varying the intensity of the electric
shock under these conditions might reveal differences between
the genotypes. In contrast to the results in the heat-box, classical
olfactory conditioning was not negatively affected by the wCS13
mutation (Fig. 10). Indeed, performance is significantly higher
than wild-type CS flies at the lower voltages tested.

The increased memory performance of white mutant flies
could be influenced by the perceived value of the electric-shock
reinforcer or odorant intensity. To address this, both wild-type
and white mutant flies were tested for their ability to sense and
avoid different electric-shock intensities and odorants. At the
lowest shock intensities tested, white mutant flies avoid the
shocked tube at higher levels than wild-type flies (Fig. 11). This
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likely indicates that the higher performance in the learning ex-
periment is influenced by this increased shock sensitivity. Olfac-
tory acuity of white mutant flies was also tested. There were no
significant differences between wild-type CS and wCS13 mutant
flies in avoidance of the odorants used in conditioning (CS: MCH
50.3 £ 1.8, OCT 31.6 = 1.6; wCS13: MCH 55.2 = 3.5, OCT
31.8 £ 1.2; F=1.54, P=N.S. for MCH, F=0.006, P=N.S. for
OCT; n =6 for each genotype/experiment). Based on this test,
there are no effects of changed olfactory acuity on olfactory con-
ditioning in wCS13 mutant flies.

Discussion

Although the relationship between reinforcement intensity and
memory strength has been long known, relatively little is under-
stood of the molecular mechanisms that support it. In current
cellular models of memory formation, a “teaching” signal is criti-
cal for changing the synaptic strength between two neurons
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Figure 9. The rut?°%° mutation affects acquisition rates, while the
wCS13 mutation influences asymptotic memory levels. Wild-type CS,
rut?°8°, and wCS13 mutant flies were continuously trained from 1 to 20
min and tested directly afterward for continued side preference for 3 min.
The 3-min memory score is presented. Wild-type flies show higher
memory levels with increasing training duration (37°C and 41°C rein-
forcement), consistent with results in Figure 2. Interestingly, rut?°®° mu-
tant flies have indistinguishable memory scores from wild-type flies when
trained for 10 or 20 min; all other training situations show deficits. The
wCS13 mutant flies have a different phenotype, having a significantly
lower asymptote than wild-type flies (Kruskal-Wallis tests for each training
duration: 1 min, H=8.4, P<0.01; 2 min, H=8.1, P<0.05; 4 min,
H=22.8, P=0.000; 6 min, H=14.1, P<0.001; 10 min, H=24.4,
P =0.000; 20 min, H = 41.3, P = 0.000). Significance levels with multiple
comparisons are shown comparing mutant with wild-type CS flies. As
wCS13 mutant flies showed normal avoidance behavior for 41°C in the
thermosensitivity assay, they were also tested for memory using this as a
conditioning temperature. Under these conditions, wCS73 mutant flies
showed significantly lower performance with all training situations except
for 2 min of training (U-tests: 2 min, Z=1.56; 4 min, Z=3.73; 6 min,
Z=2.81; 10 min, Z=3.74; 20 min, Z = 3.9). Significance levels are
shown. The difference with wild-type flies, however, is less pronounced
than when the reinforcing temperature was 37°C. In the 37°C experi-
ments, the number of flies tested for each data point was typically be-
tween 50 and 80. The exceptions were with 10 and 20 min of training of
CS and rut?%%° flies, where between 110 and 180 flies were tested and for
the 1-min training period for wCS73 mutant flies in which n=24. The
41°C experiments had between 110 and 180 flies tested for each data
point. See legend of Figure 2 for levels of significance denoted by the
asterisks.
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Figure 10. Olfactory associative short-term memory in wild-type CS
and wCST13 mutant flies. Flies were trained with different intensity electric
shocks, from 10 to 90 V. Mutant wCS13 flies avoided shock-associated
odorants at levels higher than wild-type flies at the lower intensity rein-
forcers of 10, 20, and 30 V (ANOVA: 10V, F=31.76, P<0.001; 20 V,
F=18.76, P<0.001; 30 V, F=6.4, P<0.05; 90 V, F=0.34, P=N.S.).
n = 6 for each genotype and shock intensity. See legend of Figure 2 for
levels of significance denoted by the asterisks.

(Kandel 2001). Presumably, varying output from the neuron or
neurons carrying the teaching signal alters the synaptic strength
between the neurons in which a memory is stored.

Asymptotic memory strength, as measured in continued
avoidance behavior after training, increases with increasing re-
inforcing temperature in the heat-box. This result is consistent
with the principles of the matching law (Herrnstein 1997) and
previous findings in insects (e.g., honeybees and Drosophila me-
lanogaster) (Menzel and Erber 1972; Bitterman et al. 1983; Tully
and Quinn 1985; Loo and Bitterman 1992). Addition of operant
place learning in Drosophila as a learned behavior with similar
properties allows for a genetic investigation of memory-strength
determination. The examples of the rut-AC and white-ABC trans-
porter indicate that acquisition and memory strength determi-
nation can be dissociated. In addition, the white mutation pro-
vides a molecular/genetic founder in determining the mecha-
nisms that support memory formation of different strengths and
evidence for a discrete comparator level in a model of operant
conditioning (see below).

The rut?*° mutation affects memory acquisition. The rut?°%°
mutation alters the function of a type-1 adenylyl cyclase (AC).
Current models of synaptic plasticity and memory formation
posit a critical role for the type-1 AC as a potential molecular
integrator of reinforcement and conditioned stimuli (Lechner
and Byrne 1998; Antonov et al. 2003). Affecting the rate of learn-
ing, on the surface, makes sense for this mutation. But why do
rutabaga mutant flies learn anything at all if a key molecule in
synaptic plasticity is defective? There are two potential reasons
why the rut??%° mutant flies learn and eventually reach wild-type
memory levels with extended training. The first explanation is
related to the rutabaga allele tested. The rut??%? allele has a P-
element inserted ~150 nt upstream of the first exon. This inser-
tion leads to a strong reduction in transcript levels by influencing
the rutabaga promoter (Han et al. 1992; Levin et al. 1992). In
principle, as this P-element insertion lies upstream of the puta-
tive transcription start site, some residual expression could be
present in this mutant line. This reduction could restrict the
learning process but allow mutant flies to eventually learn as
much as wild-type flies. The second possibility is that redundant
molecular mechanisms underlie memory formation. This could
be from a second source of cAMP or an independent signaling
pathway (Levin et al. 1992; Isabel et al. 2004). In the latter pro-
posal, the rut-AC-dependent mechanism is in parallel to a radish-
dependent path. In support of redundant pathways, null muta-

tions in the mouse type-1 AC show partial reduction deficits in
the Morris water maze (Wu et al. 1995) and stronger phenotypes
from type-I and type-VIII AC double knock-out mice (Wei et al.
2002; Wang et al. 2003). This redundant signal hypothesis indi-
cates that something outside of the rut-AC pathway, functioning
at a slower rate, allows rutabaga mutant flies to eventually learn
as well as wild-type flies. The available genetic tools cannot dis-
sociate these possibilities.

The white-ABC transporter is necessary for asymptotic
memory performance in the heat-box. Evidence that the white-
ABC transporter is necessary for place learning in the heat-box is
manifold. First, extensive outcrossing of the w’??8 null allele with
the wild-type CS line indicates a gene closely linked with the
white locus is necessary for conditioning. The rescue of the be-
havioral deficit (and eye color) with a duplication that contains
the white gene further restricts the region of the genome neces-
sary for place conditioning. Second, the temperature-sensitive
white allele, w”, shows normal behavior when raised at the per-
missive (based on changes in eye color) temperature of 18°C but
intermediate and severe deficits when raised at the restrictive
temperatures of 25° and 29°C. As wild-type CS flies are not nega-
tively affected by rearing at the same temperatures, it argues that
changes in the white gene are responsible for deficits in condi-
tioning. Third, five independent white mutant alleles give ex-
traordinarily similar mutant phenotypes during conditioning. Fi-
nally, the rescue of wCS13 flies with a mini-white-labeled trans-
gene argues in favor of the white-ABC transporter being necessary
for place conditioning. This evidence leads to the conclusion that
the white-ABC transporter is necessary for place conditioning in
Drosophila.

The mechanisms determining memory strength in the clas-
sical olfactory conditioning paradigm must be different from
those in heat-box place conditioning. The white null mutation
does not negatively affect asymptotic memory levels in classical
olfactory conditioning but increases performance with low-
intensity shock reinforcement. Interestingly, and perhaps re-
lated, the timing of electric-shock and odor presentation can
change conditioned behavior from negative to positive (Tani-
moto et al. 2004). Perhaps these temporal manipulations selec-
tively reveal positive and negative components in shock-
associated memory. The whife mutation could be altering the
positive component, giving rise to higher levels of negative ol-
factory memory and more avoidance of the shock-associated
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Figure 11. Electric shock avoidance in wild-type CS and wCS13 mutant
flies. Flies were tested for their ability to sense and avoid different electric
shock intensities (10, 20, 30, and 90 V). The wCS1 3 flies showed elevated
avoidance of both 10 and 20 V compared with wild-type CS flies
(ANOVA: 10 V, F=24.99, P<0.001; 20 V, F=16.98, P<0.01; 30V,
F=2.24,P=N.S;90V, F=0.004, P = N.S.). n = 6 for each genotype and
shock intensity. See legend of Figure 2 for levels of significance denoted
by the asterisks.
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odorants. That a positive or negative olfactory memory can be
selectively manipulated gains support from the effects octopa-
mine and dopamine signaling have on olfactory memories
(Schwaerzel et al. 2003). The white mutation could be altering a
component that functions in the low-voltage range that opposes
the negatively reinforced memory. This is an example of a rela-
tively rare event, a decrease in gene function increasing memory
performance (e.g., Malleret et al. 2001). Nevertheless, it is clear
that the white mutation affects classical olfactory and operant
spatial memory differently.

A modified model of operant conditioning

With the addition of a comparator in which the difference be-
tween the preferred and actual stimulus state is calculated, the
Wolf-Heisenberg model of operant conditioning can be used to
conceptualize the place-conditioning results. In the Wolf-
Heisenberg model (Wolf and Heisenberg 1991; Fig. 12), flies (1)
have a desired state (or goal). To achieve this goal, they (2) ini-
tiate different motor programs. A coincidence detector compares
the efference copy of a motor program with the difference be-
tween the goal and the current sensory input (3). Flies (4) modify
the probability of performing a given motor program with sig-
nificant coincidence between a decreasing difference between
desired and actual state and the motor program efference copy.
Finally, flies (5) can persist with a motor program if there is con-
sistent control of a sensory stimulus with a given behavior. It is
the initiation of one of several possible behaviors to decrease the
difference between the goal and the actual state that differenti-
ates this model from other models that indicate the motor pro-
gram is a response to a stimulus (e.g., Skinner 1950; Killeen 1994;
Dragoi and Staddon 1999). This describes the ability of flies (and
other animals) to use arbitrary behaviors to solve conditioning
tasks. That flies try different motor programs to reduce the dif-
ference between the desired and the actual state was reached
when flies were shown capable of using totally artificial behav-
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Figure 12. The Wolf-Heisenberg model of operant conditioning and
site of rut-AC and white mutation effects. The comparator receives infor-
mation from the environment and is compared with a desired state. This
difference is fed into the conditioning circuit, where behavioral motor
programs are initiated. The initiated behaviors, some of which are mu-
tually exclusive of other behaviors, can influence the sensory input. With
successful reduction in the difference between the desired and current
state, the conditioning circuit is reinforced and has a higher probability of
being implemented. In this model, the white mutation affects the com-
parator and the rut-AC mutation affects the reinforcing circuit. (C.D.) is a
coincidence detector. See the Discussion for a more detailed explanation
of the model.
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iors such as inverse coupling of yaw torque and lateral force gen-
eration from the legs with the angular position of visual land-
marks (Heisenberg and Wolf 1984; Wolf and Heisenberg 1986,
1991; Wolf et al. 1992). Addition of a comparator for the desired
and the actual stimulus state provides the substrate for the effects
of differing reinforcing temperatures and the white mutation.

In the model, the effect of changing reinforcing tempera-
tures on performance level in the heat-box is done initially at the
level of the desired/actual state comparator. At least in naive flies,
the desired state is presumably a temperature range that is non-
deleterious. This inference is supported by temperature prefer-
ences on a linear temperature gradient in which flies strongly
prefer 24°C over both higher and lower temperatures (Sayeed and
Benzer 1996). The deviation from that desired state provides a
graded input to the coincidence detector. That is, small differ-
ences from a preferred temperature centered at 24°C should lead
to a small input into the coincidence detector, larger differences
to a larger input. The positive feedback loop between the behav-
ior initiator and the coincidence detector via the efferent and
after-effect pathways leads to a graded change in the probability
of initiating a given behavior.

Mutations in the white-ABC transporter affect the compara-
tor. As with a change in the reinforcing temperature, the change
evident in the wCS13 mutant flies indicates an effect on the com-
parator. The mutant flies could be altering the levels of the de-
sired or actual state. The poor avoidance behavior of wCS13 flies
of some elevated temperatures indicates a decrement in this
avoidance behavior. However, as they still prefer the 24°C tem-
perature over all other temperatures tested, their preferred tem-
perature is still 24°C. The defect found in the wCS13 flies is,
therefore, in the value of the term subtracted from the desired
state.

Performance in the thermosensitivity assay can be dissoci-
ated from performance in place conditioning. The wCS$13 mutant
flies avoid 41°C at levels not significantly different from wild-
type flies yet do not avoid a chamber half associated with that
temperature to the same extent as wild-type flies. This dissocia-
tion was also seen in w”' flies at the restrictive temperature and
four additional white alleles. That avoidance behavior is dissoci-
ated from memory forming behavior indicates that the mecha-
nisms underlying these two behaviors are different, and that one
function of the White-ABC transporter is to supply temperature
value into the reinforcing circuit. Two other examples of this
dissociation include the role of the VUMmx1 neuron mediating
the reinforcing property of sugar reward but not eliciting the
proboscis extension in the honeybee (Hammer 1993), and the
conditioned avoidance of odors depending on the Kenyon cells
of the mushroom bodies but not the spontaneous avoidance of
noxious odorants (de Belle and Heisenberg 1994; Heimbeck et al.
2001). The different effects of the white mutation on avoidance
and conditioned behavior might reflect differences in the neural
structures mediating the two behaviors (as in the two other ex-
amples listed) or different sensitivities of the behaviors within
the same neural circuit to mutations in the white gene, or both.
Determining the neural structures that require White-ABC trans-
porter function in the two behaviors will differentiate between
these possibilities.

The rut?°%° mutation, in contrast, affects the feedback loop
of behavior initiation and coincidence detection. It is within this
feedback loop that the effects on sensory input of an initiated
behavior are recognized and maintained. The proposed role of
the rut-AC in second messenger (i.e., Ca**/calmodulin and G-
protein) integration and synaptic plasticity are consistent with
the feedback loop being the site of operant learning in this
model. Whether the rut-AC function could be limited to a subset
of the feedback loop is not clear.
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Further implications of behavioral deficits in white

mutant flies

The null white allele restricts maximal memory level, indicating a
defect in reinforcement signal processing. Interestingly, the dif-
ference between wCS13 and wild-type maximal memory perfor-
mance decreased as reinforcing temperatures increased. This sug-
gests that the wCS13 mutant flies can learn, but that their sub-
jective interpretation of the significance of the reinforcing
temperature is altered. As the white allele used in these experi-
ments is a molecular null mutation, the only interpretation for
residual reinforcement evaluation is the presence of at least one
additional processing mechanism.

The white gene encodes a member of the so-called half-size
ABC transporter family. These proteins are critical for the trans-
port of different substrates into cells. Consistent with the view
that these proteins transport many different important sub-
strates, mutations in this class of proteins leads to a large number
of human diseases, including cystic fibrosis and Tangiers disease
(Dean et al. 2001). The white-ABC transporter, together with the
dimer binding partners Brown and Scarlet, is important in the
translocation of guanine and tryptophan into cells of the retina
(Dreesen et al. 1988; Tearle et al. 1989). Assuming the White-ABC
transporter is interacting with Brown or Scarlet in the brain,
where white transcripts have been detected (Campbell and Nash
2001), the tryptophan and guanine precursors could be used in
the synthesis of many intra- and intercellular signaling mol-
ecules. One or some of these are presumably critical for normal
heat-box learning. Finding that the scarlet mutation limits
memory levels with 4 and 20 min of training restricts the candi-
dates for this signal and centers on serotonin. A similar function
for white has been suggested in overexpression and anesthesia
studies (Zhang and Odenwald 1995; Hing and Carlson 1996;
Nilsson et al. 2000; Campbell and Nash 2001). A better under-
standing of the neural structures in which these genes function
will prove useful in determining the processes in which white and
scarlet function in memory formation.

Beyond the specific study of memory performance, the white
and scarlet mutations could have applications to human mental
health. The human genes homologous to the white- and scarlet-
ABC transporters (ABCG1 and ABCG4) have been detected in
many tissues, including the brain (Chen et al. 1996; Savary et al.
1996; Croop et al. 1997; Annilo et al. 2001; Oldfield et al. 2002).
Additionally, the region 21q22.3, the chromosomal location of
ABCG1, has been linked to major depression in humans (Straub
et al. 1994; Detera-Wadleigh et al. 1996, 1997; Smyth et al. 1997).
Indeed, a mutation in the ABCG1 gene has been identified in
male patients with depression (Nakamura et al. 1999). Finally,
the commonality of function in tryptophan metabolism (e.g.,
Zhang et al. 2005) and a common low-asymptotic memory phe-
notype in human depression (Nestler et al. 2002) may indicate
that these gene products have application in understanding at
least some components of human depression.

Conclusion

The heat-box operant place-learning paradigm provides for the
rapid determination of a mutant effect on reinforcement process-
ing or memory acquisition. Mutations in the rut-AC and white-
ABC transporter provide principle examples of altering acquisi-
tion rate and asymptotic performance in Drosophila.

Materials and Methods

Genetic manipulations and culture conditions

The wCS10 stock is a “cantonized” white null allele (w!11%) (Ha-
zelrigg et al. 1984; Dura et al. 1993). The wild-type Canton S (CS)

stock was used in behavioral tests and for outcrossing. Flies were
raised at 25° and 60% relative humidity in a 12:12 h light:dark
cycle on our standard food medium (Guo et al. 1996). The addi-
tional out-crossing of the x-linked wCS10 mutation to the wild-
type CS line involved three outcrossings of two generations each
and was renamed wCS13. The Dp(1:Y)w+ chromosome was cho-
sen for cantonization to attempt a rescue of the white mutant
memory scores. It contains a duplication of the X chromosome
from 2D1 to 3D4 attached to the male Y chromosome (Smith and
Konopka 1981). This chromosome was outcrossed to the wCS13
stock for six generations to have ~3% of the original genome
remaining. The white gene is at 3B2-3C2 (Pirotta et al. 1983) and
is complemented by the Dp(1:Y)w+ chromosome based on eye
color. The mini-white gene in the cantonized tetanus toxin light
chain GAL4-UAS effector line CYO34-1 (Scholz et al. 2000) was
also tested for behavioral rescue of wCS13 mutant flies. Addition-
ally, the bw! and st’ mutations were outcrossed to wild-type flies
for greater than six generations (Dreesen et al. 1988; Tearle et al.
1989). The w!, w*, w2, w**, w*, and temperature-sensitive w”’
flies were not cantonized (Bingham and Judd 1981; Zachar and
Bingham 1982; Bingham and Chapman 1986; Birchler and
Hiebert 1989). The outcrossing schemes used at least 20 males
and females in each generation. Since the Dp(1:Y)w+ duplicates
the white gene on the Y-chromosome, only males of this geno-
type were tested. Males and females of CS and wCS$13 were tested
separately, but no significant differences were seen, and their
scores were pooled, similar to the findings of Putz (2002) on a
large sample size of male and female wild-type CS flies.

Behavioral tests

Flies were tested in the heat-box spatial learning paradigm and in
the thermosensitivity assays described in Zars et al. (2000b) and
Zars (2001). In the learning paradigm, a fly is allowed to run in a
small chamber that is heated to a defined temperature within
seconds when it crosses an invisible midline; the chamber
quickly cools to baseline (24°C) when it returns to the original
side. The baseline temperature of 24°C was used, as flies have a
strong preference for this temperature over both higher and
lower temperatures when given a prolonged choice (Sayeed and
Benzer 1996). A performance index is calculated by subtracting
the time spent on the side associated with reinforcement from
the time spent on the nonreinforced side and dividing this by the
total time. Thus, a scale of —1 to 1 is generated with a total
preference for the punished side giving a —1, and for the non-
punished side, a 1. In all learning experiments, a 30-sec pre-test
was followed by training of different lengths (0-20 min) and a
3-min post-test. Reinforcement temperatures were changed as
indicated in the figure legends, including 33°, 37°, 41°, and 45°C
as measured at the surface of the Peltier elements with a thermo-
couple. Flies that were exceedingly inactive in the pre-test (<0.15
mm/sec walking speed) or that failed to have at least one expe-
rience with the punished side of the chamber during training
were discarded from the analysis. Determining the number of
dwellings on the reinforcement-associated chamber half and the
average dwelling times were calculated using custom software
similar to that used in determining dwellings in the flight simu-
lator (Dill et al. 1995; R. Wolf, pers. comm.). A dwelling was
defined as the period between entry and exit from one side of the
chamber. A dwelling period (in seconds) was assigned to the
training session in which a fly exited the reinforcement-asso-
ciated chamber half.

The thermosensitivity assay used the same chambers, but
the temperature inside was altered independently of the flies’
behavior. Individual flies were presented with a chamber that
initially was at 24°C on both sides but then on one side increased
to a probe temperature of 27°C and further to 30°, 33°, 37°, 41°,
and 45°C, while the other chamber half was kept at 24°C. The
chamber half with the lower temperature switched every minute.
Flies were tested a total of 7 min. A performance index was cal-
culated for this assay as in the learning assay. As tests for normal
distribution of performance indices gave varying results, more
conservative nonparametric tests for significance were used (Putz
2002). Genotypes were compared using a Kruskal-Wallis ANOVA
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or Mann-Whitney U-test, P values <0.05 were considered signifi-
cant.

The olfactory conditioning paradigm followed previous pro-
tocols (Tully and Quinn 1985; Zars et al. 2000a). Flies were
trained to avoid two odorants (4-methylcylohexanol and 3-octa-
nol) by associating one with an electric shock of different volt-
age. A preference test for one of the two balanced odors followed
in a T-maze choice point. A performance index was calculated by
subtracting the number of flies preferring the formerly punished
odorant from those preferring the formerly unpunished odorant
divided by the total number of flies. This index was multiplied by
100 to generate a half-PI. An average of two half-PIs, measuring
avoidance of each shock-associated-odorant, was calculated in
generating the final PI. The number of experiments with each
condition was six. Tests for shock avoidance similarly followed
typical protocols. Shock avoidance used two shock tubes at the
T-maze choice point, one of which was used to shock the flies
with the same protocol as in the learning paradigm. The number
of flies avoiding the shocked tube was determined in a half-
experiment. A final PI was calculated pairing avoidance of either
one of both shock tubes. The number of experiments was six for
each voltage. Tests for olfactory acuity were carried out using the
odorants and conditions used for conditioning. Statistics used in
this assay were parametric ANOVAs as the data are normally dis-
tributed, as is typical of this paradigm.
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